Teaching an Old Intensivist Neutrophil Tricks: Using Alveolar Neutrophilia to Diagnose Ventilator-associated Pneumonia
An insidious belief pervades the modern ICU-that in cases of diagnostic uncertainty, broad-spectrum antibiotic therapy is "safest for the patient." This idea is likely a vestige of that bygone era before multidrug-resistant bacteria, when faith in the everlasting efficacy of antimicrobials was strong, and responsible doctors protected their patients from infection without regard for pretest probability. Fortunately, this belief has been vigorously challenged. Antibiotic overuse is now known to be a clear contributor to the spread of drug resistance, which the World Health Organization has declared to be one of the greatest current threats to human health. It has further predicted that in the absence of improved stewardship, we will enter a postantibiotic era by 2050, with an associated 10 million deaths due to multidrug-resistant bacteria per year (1) .
If this apocalyptic prediction were not deterrence enough, it is also clear that inappropriate antimicrobial therapy poses an immediate threat to the patient (2). Risks include life-threatening drug reactions such as Stevens-Johnson syndrome and anaphylaxis, as well as more common complications such as drug-drug interactions and nephrotoxicity. A more recently appreciated hazard is the profound disruption of gut microbiota produced by antibiotics, a condition termed dysbiosis. Although the full consequences of dysbiosis have yet to be elucidated, it is clearly linked to Clostridioides difficile colitis, a highly prevalent and often deadly infection (3) . Altogether, the adverse effects associated with unnecessary antibiotics have been shown to worsen mortality in a number of studies by independent groups (4, 5) .
It is therefore imperative for both the community as a whole and the individual patient that we develop highly sensitive diagnostic tools to rule out bacterial infection and enable safe and prompt cessation of antibiotics. Such diagnostics are particularly needed for pneumonia, which is responsible for a substantial proportion of antibiotic misuse and is a well-established driver of resistance (6) (7) (8) .
In this issue of the Journal, Walter and colleagues (pp. 1225-1237) take an important step toward solving this problem in the ICU (9) . To do so, they make use of the defining host immune response in bacterial pneumonia, namely, neutrophilic alveolitis. Indeed, most of the clinical manifestations of pneumonia stem from this process, including 1) respiratory symptoms such as cough and purulent sputum; 2) systemic signs such as fever, which results from inflammatory signals derived in part from polymorphonuclear cells; and 3) radiographic infiltrates, which in pneumonia represent pus in the lung. Although relatively nonspecific, the BAL neutrophilia test is believed to be highly sensitive for pneumonia, as previously shown in critically ill (10) and nonneutropenic immunocompromised patients (11) .
In keeping with this canonical pathophysiologic principle, Walter and colleagues demonstrate here that nonbronchoscopic BAL (NBBAL) neutrophil counts of ,50% provided a negative predictive value of 91.5% in patients with suspected ventilatorassociated pneumonia, and coupled with a negative gram stain, the negative predictive value approached 100%. Diagnosis of pneumonia was confirmed by quantitative culture, a method that is highly stringent but not widely available.
This is a remarkable finding in terms of not only test performance but also practicality. NBBAL does not require pulmonologists; it may be performed by trained respiratory therapists, which reduces the cost and potential delay involved with formal bronchoscopy, with no decrease in diagnostic yield (12) . Together, these drive a robust pyogenic inflammatory response, which may be detected by either one of the diagnostic methods described here.
Healthy lung parenchyma
Furthermore, the laboratory analytics required-cell counts and Gram stain-are universally available, inexpensive, and rapid. For these reasons, the current findings have the potential to make a broad and immediate impact on clinical practice in the ICU. The diagnostic insufficiency of BAL neutrophilia as a standalone test is worth discussing. One explanation may relate to a phenomenon that is observed in advanced sepsis and is known as neutrophil paralysis, wherein polymorphonuclear cell extravasation and chemotaxis are impaired (13) . Thus, the 8.5% of patients in the study who had bacterial infection without neutrophilia may have had insufficient recruitment of neutrophils into the alveolar space due to sepsis-induced immunosuppression. Fortunately, these few cases could be identified via Gram stain.
Walter and colleagues also present a provocative series of genomic studies in which they assessed the ability of alveolar macrophage transcriptomes to predict the diagnosis of ventilator-associated pneumonia. Because alveolar macrophages serve as the central innate immune sensor of alveolar bacteria and principal coordinator of neutrophil recruitment, one might predict their transcriptional status to be a highly accurate reporter of lung infection. Surprisingly, however, the operating characteristics of an RNA sequencing-based test did not significantly outperform the NBBAL neutrophilia test alone. A number of reasons may explain this finding.
First, alveolar macrophages do not operate in isolation in the generation of pneumonic immune responses (Figure 1) . Numerous other components of the innate immune system contribute to pathogen detection in the lung, including epithelial cells, innate lymphocytes, platelets, and plasma constituents (e.g., complement) (14) . Indeed, immune signaling in epithelial cells alone was shown to be sufficient to recruit neutrophils and control infection in a murine model of Pseudomonas pneumonia (15) . Therefore, alveolar macrophage-independent neutrophilic responses may help to explain the findings reported here.
Second, alveolar macrophages process immune signals from not only microbes (Figure 1 ) but also systemic inflammatory sources and damaged tissue (induced by pathogens, ventilatorinduced volutrauma, etc.). It may be that the integration of these various stimuli produces genomic responses that are simply more similar than they are different. Studies in pneumonia and sepsis support this hypothesis and further indicate that the ability to distinguish features such as the site of infection, microbial etiology, and even the presence of infection appears to diminish as the illness progresses (16) .
Thus, in patients with advanced critical illness, such as those studied here, host transcriptomics may be more challenging to interpret. Perhaps sampling patients earlier, combining transcriptomics with other biomarkers (including the alveolar neutrophilia described here), or synthesizing host genomics with microbiomic sequencing would lead to further diagnostic refinement. Further omics-based investigations of such questions are certainly warranted.
Although it is surprising that rapid, inexpensive, and widely available tests such as BAL cell count and Gram stain perform as well as cutting-edge personalized techniques like RNA sequencing, the finding is all the more valuable given the practical advantages of the former. Prospective trials are needed to demonstrate that the algorithm presented here can indeed reduce antibiotic use without compromising patient safety, but these results should certainly encourage more studies on the implementation of NBBAL sampling in the ICU. Finally, we submit that the present work, which describes a cost-effective ruleout test for infection inspired by sound pathophysiology, represents an important model for future studies aimed at reducing the unnecessary use of antibiotics-an often underappreciated but nonetheless rampant problem with potentially dire consequences for both society and the patient. n In a study reported in this issue of the Journal, Stahl and colleagues (pp. 1238-1248) provide new evidence for the safety, tolerability, and potential efficacy of inhaled 6% hypertonic saline in infants with cystic fibrosis (CF) (1) . PRESIS (Preventive Inhalation of Hypertonic Saline in Infants with Cystic Fibrosis), a randomized, double-blinded trial, included just over 40 subjects enrolled at an average age of 3 months and followed for 1 year after being assigned to inhalation of twice daily nebulized isotonic versus hypertonic saline. No subject experienced a study-related serious adverse event or withdrew from the trial for intolerance. Studies done in children so young are often limited to safety and tolerability, but the PRESIS investigators were able to move beyond this and include measures of potential benefit to pulmonary health. The study found that 6% hypertonic saline nebulized twice a day for 52 weeks provided a statistically significant improvement in lung function as measured by the primary efficacy outcome, lung clearance index (LCI). When compared with infants assigned to isotonic saline, those given 6% saline experienced a reduction (i.e., improvement) in LCI that was sustained over the 12-month observational period. The improvement in LCI, although not large, is similar to the difference reported between healthy children and those with CF at this age (2, 3) . Larger improvements in LCI were seen in a small number of preschool-aged children after they started ivacaftor, but most of the children had higher (i.e., worse) baseline LCI values, and the few patients with normal baseline LCI tended to show little change with therapy (4) .
The feasibility and successful use of LCI in the PRESIS study is perhaps as informative as the results. This is the first publication to report the successful use of LCI in a multicenter, randomized controlled clinical trial in infants. A single-center pilot substudy within the Infant Study of Inhaled Saline trial previously demonstrated that subjects receiving inhaled 7% saline had better LCI values than those receiving isotonic saline, but the participants had a median age of .2 years at enrollment (5). Stahl and colleagues now extend the argument that LCI can identify the health impacts of pulmonary interventions in trials that include very young children across multiple centers. Although the clinically meaningful change in LCI at this age is uncertain, they should be commended for this work requiring repeated study-related procedures for both LCI and chest magnetic resonance imaging (MRI).
There are a number of interesting observations beyond the key findings reported in this study. The PRESIS trial was set up to take advantage of early diagnosis of CF after newborn screening, with the goal of delaying or reducing the development of CF lung disease. This demonstrates the need for sensitive measures such as LCI to detect relatively small differences in lung function when focused on very young patients who may have been diagnosed before the onset of any pulmonary symptoms. Such measures were not available in initial studies of the effect of newborn screening on CF lung disease (6) . Improvement in LCI was not associated with improvement in lung morphology as measured by MRI or the risk of predefined acute pulmonary exacerbations. Caution against overinterpreting data from a study of this size is necessary, but the findings suggest that either lung functional and structural abnormalities at this age do not align or lung imaging outcome measures may have less value in a population this young. Clearly, alternative interventions or imaging modalities may produce different results, but prior research also found a poor correlation between results from LCI and computed tomography imaging in subjects under 1 year old (7, 8) . Less than one-third of children with CF appear to have bronchiectasis on computed tomography at 1 year of age (9) .
The modified Fuchs criteria were used to define acute pulmonary exacerbation in this trial. This definition is a common, valuable tool in CF clinical research (10) , but it may be less useful in such young children. One recognizes that infants, even when acutely ill, often lack many of the symptoms required by the Fuchs criteria (e.g., change in sputum, hemoptysis, dyspnea, sinus pain, chest X-ray changes, and change in lung function), which may explain why less than half of the subjects in the trial experienced a protocol-defined exacerbation over the 12-month period. Although hypertonic saline may not significantly impact the risk of acute pulmonary exacerbations in young children (11) , this also underscores the ongoing need to consider alternative quantitative efficacy measures for the youngest populations. The CF community has recently been encouraged, if not surprised, by potentially important benefits reported in studies testing CFTR (cystic fibrosis transmembrane conductance regulator) modulator drugs in infants and toddlers with CF (12) . Thus, accumulating evidence suggests that using chronic preventive therapies before the onset of observable symptoms may provide clinically meaningful benefits. More work is needed to understand long-term safety and whether 
